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DETERMINATION OF FLAW DEPTH PROFILES FROM ACOUSTIC IMAGES 
ABSTRACT 
D.K. Peterson, S.D. Bennett and G.S. Kino 
Edward L. Ginzton Laboratory 
Stanford University 
Stanford, CA 94305 
Acoustic images offer good spatial resolution in two dimensions, 
but do not give information on the third spatial dimension. In this 
paper we will describe a new method of measuring flaw depth profiles 
which makes use of the corner reflections from a surface breaking 
flaw. A calibration experiment is described, showing that at the 
present time this method of flaw depth determination can be calibra-
ted to an accuracy of about 20%. 
INTRODUCTION 
Over the past several years, a real-time acoustic imaging system 
has been developed at Stanford. The system has been described in 
detail elsewhere;1-3 only a brief description will be given here. 
Acoustic pulses with a center frequency of 3.3 MHz are transmitted 
from one element and received on the same element of a linear 32-
element transducer array. The received echoes are digitized and 
stored in a RAM memory. The stored data is assembled to form an 
acoustic image using a simple synthetic aperture reconstruction 
algorithm. The images are generated in real time (30 frames per 
second) and have a typical resolution of about 1 mm in both the 
range and lateral dimensions. 
The imaging hardware has matured to the point where inspection 
of test samples for the location and extent of flaws (both simulated 
and real fatigue cracks) is routine. However, features in the third 
dimension (i.e., depth) are often either invisible or ambiguously 
represented. Since information about the third dimension is very 
important, it is desirable to explore methods of imaging which would 
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allow the inference of flaw depth from the two-dimensional images. 
In the second section of this paper we will discuss the differ-
ence between using an imaging system to generate images and using it 
as a two-dimensionally focused probe for making localized measure-
ments. At first, this distinction seems unnecessary. but it is im-
portant to realize that images are destined for human visual inspec-
tion while the two-dimensional data set from which the image is 
formed may be subject to a myriad of post-processing steps. The eye 
is insensitive to many aberrations, but the post-processor may not 
be so robust. 
In the third section of this paper we will briefly discuss the 
problem of obtaining information about the third dimension from 
acoustic images. Typically. one must make some assumptions about 
the flaw geometry, since we are attempting to obtain three-dimensional 
information from a two-dimensional data set. Two examples are given: 
crack-tip echo delay measurements, and frequency spectrum analysis. 
In the fourth section we will describe, in detail, another method 
which makes use of the corner reflection at a flaw to determine the 
depth profile of a flaw from the acoustic image amplitude data. 
Several examples of simulated flaws are considered. Their recon-
structed images are shown, along with the depth profiles obtained 
from these images. These depth profiles are compared with the true 
shape of the flaw. Finally, a calibration experiment is described 
which shows that this method of depth measurement is accurate to 
about 20%. 
QUANTITATIVE INFORMATION FROM ACOUSTIC IMAGES 
There is a fundamental difference between the visual inspection 
of images and the post-processing of localized data by ancillary 
equipment. In the first case, the operator is looking for features 
in the image, such as bright streaks or spots, which indicate the 
location of a flaw. The operator uses his eyes and brain in conjunc-
tion with his experience to reduce the thousands of numbers repre-
sented in the image into a single judgment that there is a flaw. 
This judgment is remarkably insensitive to rather large errors in the 
pixel values, as long as the global feature of the flaw is still 
present. A real-time imaging system has the additional advantage of 
offering a moving picture of the field. By moving the object over 
the array, it is easier to discern which features are flaws and which 
are just transitory clutter. A post-processing machine, however, has 
no such global view. The post-processing may actually accentuate 
small errors present in the echo data. Thus, we see that an imaging 
system whose output is destined for further processing may need 
better performance than an imaging system built just to generate 
pictures. 
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The imaging system described in this paper generates excellent 
acoustic images,3 but we have found that there are still many improve-
ments possible along the path to quantitative analysis of images.* 
INFERRING INFORMATION ABOUT THE THIRD DIMENSION FROM A TWO-
DIMENSIONAL ACOUSTIC IMAGE 
It is very desirable to know the three-dimensional profile of 
a flaw. For instance, crack depth is a very important factor in 
determining the remaining lifetime of structural members. In order 
to obtain this information from a single two-dimensional image, how-
ever, we must make some assumptions about the geometry of the flaw 
within the sample. A common assumption is that the flaw breaks the 
surface of the sample and is normal to the surface. We will make 
these assumptions hereafter. 
Figure 1 shows a schematic diagram of a surface breaking flaw. 
The flaw is insonified with an incident wave and the scattered wave 
is received (possibly at a different angle, i.e., pitch/catch), by 
the imaging system transducer array. Several phenomena might allow 
us to derive the local depth of the flaw from the scattered wave. 
Fig. 1. Scattering from a surface breaking flaw. 
*A humorous demonstration of the robustness of the image forming 
process is given in the following anecdote. Recently, one of the 
authors was rebuilding the input electronics with the objective of 
tidying them up a bit. When the job was done, the images looked 
poorer, although the salient features were still evident.. It 
turned out that one of the connectors had been wired backwards and 
the signal from the transducer array was operating straight into a 
large ground plane. Even with this ridiculous error, the system 
still produced usable images. 
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If the crack is much smaller than a wavelength (low kd), then 
we might look for frequency variation in the echo coming from differ-
ent portions of the crack. A deep portion would show more low-
frequency content than a shallower portion of the flaw. One problem 
with this method is that the scattering from a single, low kd flaw 
is quite small, especially when one expects to have large backface 
reflections present at the same time. Also, any spurious modes or 
multipath reflections present will probably mask the presence of such 
small flaws. This method of flaw sizing is currently under study, 
but its success will depend on the reduction of spurious acoustic 
waves in the sample and the transducer array. 
For deeper flaws (kd > 1) the signal scattered is at a usable 
level. At some angles we would expect to see large scattered waves 
from the flaw tip, as well as from the surface breaking portion. 
Therefore, if we illuminate (pitch) the flaw at one angle and receive 
(catch) the echoes from another angle, then we could determine the 
flaw depth by measuring the time of arrival difference between the 
tip scattered echo and the surface scattered echo. Such an imaging 
technique using this imaging system was described at this conference 
last year. 4 
Still another method of inferring depth profiles from the acous-
tic images is to use the flaw as a corner reflector. When the trans-
mitter and receiver are coincident, that portion of the flaw which 
intercepts the acoustic beam reflects energy straight back to the 
array by virtue of the corner reflector created by the flaw and the 
nearby surface of the sample. This method of imaging is described 
in detail in the next section. 
FLAW DEPTH PROFILES FROM IMAGE AMPLITUDE 
Figure 2 shows the array/sample geometry for a pulse/echo imag-
ing experiment at 45° to the surface of an aluminum plate. The flaw 
is on the far side of the plate (top of the figure) and is assumed 
to be normal to the surface of the plate. It is assumed to be lar-
ger than a wavelength in both the x and y dimensions, but may be 
quite small in the z dimension (crack opening displacement « A). 
The synthetic aperture reconstruction gives good lateral resolution 
(x dimension), and the use of short pulses gives good range resolu-
tion (z dimension). Information about the flaw depth (i.e., y as 
a function of x and z) is inferred from the amplitude of the recon-
structed image. At each point on the surface of the sample we con-
sider the flaw as a corner reflector. An incident acoustic beam is 
reflected straight back to its source. As long as the depth of the 
flaw does not exceed the depth of the beam (actually .71 times the 
depth of the beam since the insonification is at an angle of 45°), 
the amount of energy reflected by the flaw will be directly propor-
tional to the depth of the flaw. A shallow flaw will intercept only 
a small portion of the beam, and thus the reconstructed image will 
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AI SAMPLE 
Fig. 2. Transducer-array/test-sample geometry for measurement of 
flaw depth profiles. 
be dim there; a deep flaw will intercept a large portion of the 
beam, causing a bright image. That portion of the beam which is 
not intercepted by the flaw is reflected by the back surface of the 
sample and goes off at 45° downward and to the right. This energy 
does not return to the array and contributes nothing to the image. 
In summary, the amplitude of each point in the image is proportional 
to the depth of the flaw at that location; there is a simple rela-
tionship between image amplitude and flaw depth. 
The transducer array chosen for this imaging experiment is a 
32-element shear vertical polarized linear array. This array has 
the advantages of being efficient, broadband, and simple to use. 
The use of shear waves rather than longitudinal waves offers a 
doubling in the spatial resolving power of the imaging system due 
to the shorter wavelength at the same center frequency. This array 
is described in detail by Baer and Kino elsewhere in these proceed-
ings. 
The first step in these experiments is to reconstruct an image 
of the object using the real-time imaging hardware. These images 
may be displayed in real time on a monochrome display, or a portion 
of the image may be processed in an associated computer and displayed 
on a color graphics monitor. The eye is sensitive to hundreds of 
color variations, but at best only 50 grey levels. Thus, the use of 
a color display greatly increases the dynamic range of the image dis-
play and allows quantitative measurements straight from the images. 
Whilst the use of color in this way is extremely valuable, it pre-
sents difficulties in a publication such as this. For this reason, 
only monochrome images are offered in this paper. 
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Fig. 3. Dashed rectangle shows the portion of the acoustic image 
displayed in the following photographs. 
The portion of the image chosen for display is shown in Fig. 3, 
along with reference axes and the position of the transducer array. 
The reconstructed images are about 10 rnm in range (z dimension) and 
65 rnm in lateral extent (x dimension). We will now consider the 
depth profiles obtained from the images of five different test ob-
jects. In each case the imaging array is placed in direct contact 
with the undersurface of the sample, and insonified with a shear 
wave beam coming up through the sample at an inclination of 45°, as 
described in Fig. 2. The echo data collected in this manner is 
focused into a two-dimensional acoustic image. Next, a depth profile 
curve is derived by plotting the image amplitude along a vertical 
cross-section through the brightest portion of the image. This image 
amplitude curve is compared to the known depth profile of the flaw. 
Since the amplitude of the image is proportional to the depth of the 
flaw corner reflector, we expect a close correspondence between the 
flaw depth profile and the image amplitude profile. 
Figure 4 shows a 5 mm wide by 2 rnm deep EDM slot cut into the 
top surface of a one inch thick aluminum plate. An acoustic image 
of this sample is shown in Fig. 4a. The bar at the left shows the 
monotonically increasing grey scale used in the display of the image. 
The legend in the bottom right corner shows 5 rnm tic marks for the 
range (horizontal) and lateral (vertical) dimensions. A vertical 
cross-section through this image is shown in Fig. 4c. The lateral 
scale has been expanded by a factor of about five. The solid line 
is the image profile along the vertical cross-section through the 
image. The dashed line shows the true profile shape of the EDM slot. 
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Fig. 4. 5 mm wide by 2 mm deep EDM slot: (a) acoustic image of the 
slot, (b) diagram of the slot sample, (c) cross-section of 
image amplitude. 
The two profiles agree well in lateral extent, but the image ampli-
tude profile is smoothed at the edges. The lateral resolution of 
the imaging system is known to be approximately 1 mm. However, the 
image data has been smoothed in the lateral direction to remove some 
high-frequency features due to speckle and interfering modes present 
in the echo data. This smoothing has degraded the lateral resolu-
tion to about 2 mm. 
Next, we look at simulated crack-like flaws. Figure 5 shows 
a simulated half-penny shaped surface breaking flaw. The nearly 
semi-circular back wall of the half-cylinder hollow is imaged from 
the bottom surface of the plate, as usual. The bright center portion 
of the image represents the deepest portion of the semi-circular 
back wall. The image amplitude decreases toward the limbs where the 
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Fig_ 5. "Half-penny" hollow end sample: (a) acoustic image of the 
nearly semi-circular back wall, (b) diagram of the sample, 
(c) cross-section of image amplitude. 
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semi-circle is shallower. A cross-section through this image is 
shown in Fig. 5c. Again. the solid curve represents the amplitude 
across a vertical cross-section of the image, and the dashed line 
represents the true profile shape of the semi-circular flaw. The 
two curves are very similar. The small baseline noise present in 
the image amplitude is due to a dc component present in the echo 
data and could easily be removed by using a band-limited Hilbert 
filter envelope detector instead of the full-wave rectifier used 
here. 
Another example of a crack-like flaw is shown in Fig. 6. This 
shallow saw cut flaw is much more squat than that in Fig. 5. being 
only about one-tenth as deep as it is long. The reconstructed image 
of this object is shown in Fig. 6a. Again, it exhibits a bright cen-
tral region and gradually dimming limbs. The cross-section profiles 
are shown in Fig. 6c with the lateral dimension expanded by about 
two and a half. This figure further demonstrates the similarity 
between the true flaw depth profile and the image amplitude profile. 
The above examples have shown that it is indeed possible to 
obtain the flaw depth profile from the image amplitude. Now we go 
on to consider the question of calibration. 
After determining that the image amplitude was repeatable to 
an accuracy of ±lO% (a feat which is not to be taken for granted, 
considering that we are working with shear waves coupling through 
a fluid interface), we carried out a calibration experiment. The 
calibration reference object is shown in Fig. 7. It is a 5 mm deep 
saw cut which runs the entire length of the aluminum block. Note 
that in contrast to the previous images, this one consists of a 
fairly bright plateau which drops off rapidly toward the edge of the 
image. Recall that the imaging array is only about half as wide as 
the lateral (vertical) dimension of the reconstructed image (refer 
to Fig. 3). For specular reflectors, such as the corner reflectors 
considered in this section, only those portions of the specular re-
flector which face back toward some part of the array will be "seen" 
by the array. The reflections from other portions of the specular 
reflector will not be visible in the image since no energy is re-
flected back to the array from these portions. This explains why 
the reconstructed image in Fig. 7a fills only about half of the 
vertical extent of the picture even though the actual slot extends 
for a full 75 mm. 
The cross-section of the image amplitude is shown in the top 
solid curve of Fig. 8. The average value of the plateau (flat dashed 
line) is used as a calibration. the known depth being 5 mm. 
Next we image the linearly-sloping saw cut, shown in Fig. 9. 
being careful to maintain all amplifier settings at the same levels 
as before since we are interested not just in the shape of the 
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Fig. 6. Shallow saw cut: (a) acoustic image, (b) diagram of sample, 
(c) cross-section of image amplitude. 
profile, but in its absolute magnitude compared to the reference ob-
ject. The image of the sloping slot exhibits a bright bar of de-
creasing amplitude progressing from the deep portion of the slot 
(approximately) 3 mm deep) to the shallow portion of the slot 
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Fig. 7. 5 mm deep calibration slot: (a) acoustic image; (b) dia-
gram of sample. 
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Fig. 8. Depth calibration curves: (upper curve) cross-section 
through image in Fig. 7; (lower curve) cross-section through 
image in Fig. 9. 
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Fig. 9. Linearly sloping slot: (a) acoustic image, (b) diagram of 
sample. 
(approximately 1 mmdeep). Recall that only the central portion of 
the sloping slot is "seen" by the array, since it behaves as a spec-
ular reflector. The cross-section through the image amplitude is 
shown in the lower solid curve of Fig. 8. The sloping dashed line 
represents the true depth of the saw cut. The two curves, dashed 
and solid, agree over most of their range to within less than half 
a millimeter. The data in Fig. 8 shows that image amplitude can 
give quantitatively calibratable measurements of flaw depth as a 
function of position on the surface of the sample. 
The solid curves in Fig. 8 have some substantial ripples about 
their average trends. As mentioned before, these are probably due 
to interference from coherent clutter present in the echo data. 
The origins of this coherent noise are currently under investigation 
and removal of this noise is expected to reduce the fluctuations in 
the image amplitude data. 
CONCLUSIONS 
The desirability of obtaining three-dimensional profiles of 
flaws is self evident. Since acoustic images are two dimensional, 
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we must use clever geometries to obtain information about the third 
dimension from these images. Some of the methods may involve post-
processing of the echo data (e.g., echo spectral analysis). It was 
pointed out that such post-processing may put additional constraints 
on the performance of an imaging system. For instance, spurious modes 
are not highly objectionable on a real-time display of the images, 
but they would cause large ripples in the frequency spectra of the 
echoes. A post-processor which relies on this spectral information 
may be misled by these interfering signals. 
In the fourth section of this paper we discussed at length a 
simple method of associating the amplitude of the reconstructed image 
with the depth of a flaw at that point. This method relies on a cor-
ner reflection from the flaw and the nearby surface of the sample. 
Since the entire "face" of the flaw participates in the corner reflec-
tion, we obtain relatively large echoes. This method is to be con-
trasted with other methods using the tip-scattered echo, which is 
very small in amplitude. Several crack-like objects were examined, 
and in all cases the image profiles showed a close resemblance to the 
true depth profiles of the flaws. It was also shown that the image 
amplitude can be calibrated so that quantitative measurements of flaw 
depth profiles are obtained from the image amplitude. 
In the future, we will be studying the effects of spurious modes 
on the performance of the imaging system. A new shear wave array, 
currently under construction, should reduce the spurious mode level, 
increasing the accuracy of this method of flaw depth measurement. 
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